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T NMOON 1S NOTSPACE

Withan ] MclLavghlin

ABSTRACT

The Moon as a venue for remote sensing has cotlion
geometrically-based advantages over free flyers thatfacilitate
reuse of assets: lack of dispersion of emplaced faclities;
reduction (compare.d to space) of the dimensioniof miohility
space from 3 10 2; repetitive lunar-station (o Eatths @ on
communications geometry. If a series of Junar missi muis
designed so as to build each upon the other-a sciies of paticlly
reusable hardware assets- there is a point in timc whenthototal
cost of |lunar-based missions becomes Icss than ari edquiyiulcatset
of independent free flyers. The economics of reusabilityis
examined along with feasibility (survivability onthchloon
over time and methods of connecting successortojnedoe- o
assets). Surveyor 3 (some of whose parts were rctutnediyt he
Apollo 12 astronauts) is used as an anecdotal anzly.is of
survivability along with notes of a more general nat vre  Sornc
scientific candidates for low-cost remote sensing from the Moo
are also presented.

INTRODUCTION

Stretching back into prehistory, the Moon ha< ercted o
fascination for humans. This attitude is not exclusiviiothe
domains of mythology and poetry, but,also, the Moonis
known to psychologists to influence, to some exteut, 1V nan
actions.  After the enormous engineering, micitif sc  and
political successes of the Apollo missions to thcMoa, that
body acquired a sccond psychologica set of associations, “1 hug,
returning to the Moon has often been treated as axionatialiva
good thing to do because it serves as a dua symbol.

But for the last deccade or so, a more ceichral ¢ <c for
returning, to the Moon has been evolving. The case, copinding
on who is presenting it, is based upon one or mr¢sochifn ol
economic advantages. Among the (nonmilitary’) itcmicli-Ieifor
rationale are:

(1) The study of the Moon per se, e.g.,lunaigealogs

(2) Commercial advantage, ec.g., entertainment orpowei
generation.

(3) Abase for remote sensing.

This paper is only concerned with item 3: notwithperiheral
symbolic notions nor with items 1 or 2.(Howeveritemn 7 dig

enter in to a limited extent when a “mixedstiatepy™

discussed, and lunar geology has som¢ cnvironmemal
conseguences for lunar observatories.)

Remote-sensirrg applications of a lunar venuc arc obuicushy
attractive for astrophysical investigations, bui,less obviously
terrestiial observations might bc of value, synopacobseo
vations of the magnetosphere for example. A cous:ilciabl
body of work has been done, and published, withicgatct th
scientific objectives and some elements of desigrfeilune
emplacements, particularly for astrophysics.
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‘1 he objective of the present paper isto sketch some ideas
that hold promise. forutilizing the Moon’s unique advantages
as areinate-sensing platforn The tests of the potentiad value of
a proposed Junar scientific outpost arc twofold: (1) is the
“scicnce per dollar”  estimate attractive?, and (2) is the Moon
preferable to other venues, particularly free flyers? A con-
straint for al of theinvestigations is not only high science-per-
dollar but also Jow absolute cost Although “low” is not going
to bz rigotously quantified here, something in the neighbor-
hood of NASA’ s i stovery class is envisaged. Therefore, the.
obscrvatories arc robotic and without human presence.

Anattempt to answer, in part, the two questions above has
determined the stracture of the present paper,

Question (1) is addressed by reviewing some candidate
investipations that hold promise of delivering valuable science
atlow cost The Faunar Observatory Steering Group (I .OSG)
wasestablished in 1994 by NASA’s Mission From Planet Earth
Study Oflice (Code $X) in the. Office of Space. Science (Code S)
toexarmine scientific options.  Although the LOSG, an inter-
centergroup chaired by the present author, developed some
new scientific and mission options, it lamely functioned as a
low passfilter to review the excellent sets of scientific proposals
inthe literature and highlight those which seem to be at the low
end of the cost specttuin, Neither the 1LOSG effort nor the rrew
natenial presented here should be considered to be complete i n
any sense. The search for good scientific ideas and clever
desigus for lunat observatories must be an ongoing process.

Question (2) really reflects the thrust of the paper with
1egard to what is substantively new, here, as distinguished from
the 1 .0OS8G reporth? | which placed most emphasis upon ques-
tior: (1). Thethesis of this paper is that the differentiator
between the Moon and space is that the Moon provides a
convenientway to collect scientific. and engineering assets over
aperiod Of time:in asense, the Moon has a memory.

But,inorder for these collected assets to be of use, two
conditions must be fulfilled: (1) they must survive in time
throughtherigors (especialy radiation and monthly thermal
cycling) of the lunar environment, and (2) there must be a way
to connect the assets Of one investigation to those of a sub-
seguent on¢ (or even contemporary one). The primary topics of
the paper, then, are sur vivability and connectivity.

Ar, example of anasset that might be reused is a Moon-Earth
telecommuuicat jons systern.  in order to effect such reuse, i n
addition to surviving, the system would have to be controllable
by the subsequent investigation (this implies, also, a func-
t ioni ng power source on the original vehicle) and a means to
transfer data between successor and predecessor. The last point,
conbectivity, might be, for example, by a UHF link.

The plan of the paper is to enter into the topics treated
above in enough detail to alow judgments to be formed as to
whether the trailis worth following in future. The final section
collects sorne possibilities for those who do go down this trail,




LOW-COST SCIENCE FROM THE MOON

As mentioned above, a considerable amount o f ¢fl i1t has
been expended in the last decade to iderwify  candidare
scientific (rc.mote sensing) investigations forimpleinetaron
on the Moon, The 1.OSG established a preliminar v het o some
that might bc expected to be done for a relatively Jon ¢ ot
These investigation concepls arc sketched below Muc b o
material exists in the literature. 34

Astrophysical Low-Yrequency Aray (Al FA)
Scientific_Qbjectives

The frequency range below about 30 MHz1s unexyloned
with high angular resolution duc to the opacity of the Tiih's
ionosphere. An interferometer array in space providing sub
degree angular resolution images would alow a widiranycof
problems in solar, planetary, galactic, andextrapalacticatio
nomy to bc attacked.'These include the evolution of sula aiid
planetary radio bursts (including auroral kilometricradinion
(AKR) from the Earth), scintillation caused by turbulenc:yn
the interplanctary and interstellar media, the distributior of
diffuse ionized hydrogen in our galaxy, the deteiminatior of
spectral turnover frequencies and magnetic ficld strenpit « 1n
galactic and extra-galactic radio sources, statistical {csle of 1adio
source unification theories at frequencies wheie raduation
expected to bc completely isotropic, scarches for " fossil't, dis
galaxies which are no longer detectable at highe: frequen it.,
and scarches for ncw sources of coherent radio eniissan )1
addition, it is likely that completely unexpected objcois ang
emission processes will bc discovered by suchan strarnen i
has often happened w h e n  high resolution  @stronon i)
observations firstbecame possible in a wide newicgionofthe
electromagnetic spectrum. The low frequency window{ion,
about 30 kHz to 30 MHz spans three orders of imagnitudcin
frequency, wider than the infrared window opencd by IRAS ind
ISO or the ultraviolet window opened by ITUE and EUVE
represents the last region of the spectrum which isinaccesshle
from Earth and till largely unexplored.

Instrument and Mission

Some 15 to 20 identical small packages would be deployed
on the lunar mar side surface in a region about 100 kinir
diameter. Each package would consist of a spheiical Capsal
containing electronics and lithium batteries andepan ot
orthogonal wire dipole antennaslying On the lunarsiniae
Each wire dipole would bc about 10 meters end-to ¢nd Toc
electronics are quite simple:  a programmable low-frequct -y
receiver (one for each dipole), a command rcceiver ar-d
telemetry transmitter, a low-speed CPU for control, and apov e
system based on a small solar-cell array and recharpcal e
batteries. Thea rray of packages would operate togcthera«n
aperture-synthesis, radio-interferometer array with (010200
simultaneous baselines having lengths between a few kmaid
about 100 km, Digital data would bc transmitted dircciiyfron
al of the packages toa single ground antenna at33GH»  Afi
reception on Earth, the data from al package paits would 1y
cros s-correlated and Fourier transformed on a paralle] corn puteg
to produce images.

Deployment of the packages would bc via hard (uncon-
tiolled) landings.  Lach package would be spin-stabilized
duting lunartransfer with a small solid-fuel motor slowing the
packape o ensuie a Janding impact of no more than 3000 g.
This approach is very similarto that developed for the Ranger
scismograph capsules and the Japanese Lunar-A penetrator.
Fach capsulcis sclf-righting after landing, allowing dipole and
solar-anay deployment and pointing of the telemetry antenna
at Hatih,

The prefented Jaunch vehicle for this mission is the Ariane S,
which would alow deployment of 20 separate packages on the
Moon A Russian launch vehicle could also bc used, which
might be a less expensive option, A Delta ]l would allow only
five surface packages to be deployed, far fewer than needed for
an adequate range of baselines, The numbers arc based on an
estimate of 135kg for cach package, including retro motor,
spin notors, payload separation mechanism, inertia arms, pilot
beacon, and lander capsule with impact limiter, If deployment
by means of a lunar rover were possible (as part of some other,
laiger, Junar mission) the individual ALLFA packages would be
only 20 kg each o1 a total deployed mass of 400 kg for 20
package <. We are also investigating deployment of the array at
one of the Barth-Moon 1. agrange points to avoid the cost of
surviving the lunar landing. This could allow a smaller and less
expensive launch vehicle 10 be used. This work is continuing,
but curiently it appears that lunar hard landers arc the most
promising near-tenm deployment  option.

dechnology Needs

Much of the technology required for this mission is off-the-
shelf “The low- frequency receivers are based on consumer
oticnted portable short.wave receivers, and the digital sampling
i s done with commercial audio CD A/D chips. The control
computers €an use relatively slow CPUs which are already
space-(lu;ilific(i. "The telemetiy system is nearly identical to one
designed by JPI. for alunar interior structure mission. The
hard-landing deployment scheme has been studied in detail
(including impact survaval tests of hard-landing lunar capsules)
by J}'1. and Loral.  The major technology development re-
quired s the fabrication)) and testing of 82/3 scale version of a
commcicial (Thiokol) sohd rocket motor and the integration of
the sutface packages and 1etto motors into complete trans-lunar
vehicles. Additional technology issues involve the accuracy
with which vehicles canbxe tageted by the upper stage of the
Taunch vehicle (and the amount of fuel required for targeting
mancuvers ) and verification of the impact tolerance of the solar
(ells and Jithium batteric,

Evvironmental Investigation

Measuie the radio noise background on near side as a
function of time.

Observing Scenarios

The array wouls oper ate in two modes: 1) “snapshot” imag-
ing of stong, rapidly changing sources such as solar and
planetary 1adio bursts andd the scintillation of strong back-
pOund  svvurces, and2) lunar--rotation  apcl[rrre-synthesis
ohservations in which data taken over one or more lunar days



arc combined for maximum sensitivity, high-dynamic.range
imaging. In both cases a large number of individozlar ay
clements arc needed. Snapshot imaging is possible onlyifihe
number of simultaneous baselines is sufficient to provide rood
instantaneous coverage of the aperture or (u, v) planc,an1ull
usc of rotation aperture synthesis depends onthe us ofsi3f-
calibration algorithms to correct for errors caused by thei: stiu-
ments or by propagation c.fleets. The power of self-calibiaton
isa strong function of the number of antennas ir: the a1 sy

Exiensions

Increase the number of elements and the extent of thear ay.
Place an array on the lunar far side where the radiono scfiy
Earth is eliminated.

Ultraviolet Astronomy

By the start of the 21st century, astronomets wilthav.:-hiud
over a decade of observations from the HST and several yoie of
observations from tbc current phase of verylapciclocope
construction. It is thus surprising that rathermodes:apenine
(0.5 to 1.0m} lunar based UV telescopes will be ¢apalie of
making significant scientific contributions.? Bu i bk ca s of
the richness of the celestia field this is indeed the cave i
this brief review two possible instruments are icemific

Scientific Objectives

Two separate, stand alone, instruments have becasugrested
for tbc initiadl emplacement: a transit telescope withaf 1aed
declination and a conventionally pointed telescope The prine
objective of the transit telescope would be a deep UV s ey
This survey, although somewhat limited in sky coverape,would
give invaluable statistical descriptions of, forcnampl, the
morphology of distant galaxies, or regionsofrcceil  star
formation identified from the presence of hot, young, UV
bright stars. Studies of the changes in variable objcctsictas
active galactic nuclei or chromospherically active stais O t1 i
scales of onc month, (the repetition period of the suivey), could
aso be conducted. A most interesting avenue of study habeen
identified for the pointed telescope: stellar scismologyusing
precision photometry. Precision photomets y has bocoimv s
relatively routine procedure for g,round-based, autorsatically
operated telescopes in the visible region. Asidcfrom the abihity
to observe in the UV, which is intrinsically more variablthan
the visible, these observations would bencfit frorn thclong
uninterrupted observation periods (up to two weeks) whehare
possible from the lunar surface but not fromiiow 1 .atiho:tHit
These observations would provide insight intoszisuncyvitina
tion of stars, convectively driven oscillations, andthe pisinece
of star spots. On longer time scales, they would provide ¢iteon
magnetic cycles of other stars analogous to thc svnspotescliof
our own star.

Instrument_and Mission

A disadvantage of the transit telescopeisthe f peainte-
gration time set by the length of time it takes the tarpctt, ¢ross
the field of view (10, OOOS), This drives the desigetolupe
apertures. An equatorially mounted telescopcoven o s this

problenn at the expense of introducing more complicated
mcchanisms which st survive and operate in the lunar
envitotment. Design studies have not been completed for such
aninstiument but clearly it could be made more compact and
lighter Power and datarequircinents would be similar to the
transit telescope. The cost would clearly be a function of
aperiuie Size, although not necessarily a strong one, since the
connand and data handliug and power systems are not related
to aperture. Pethaps the main advantage is that this type of
telescope lends itself most readily to incorporation into an
inter ferometer anay,

Jechnology Needs

Abasic difficulty facing both these instruments is the provi-
sion of power, especially during the lunar night. If RTGs are
notavailable on the lunar surface, the instruments may be
restricted to operating only during the lunar day. They would
then be placed into hibernation during the lunar night where
they would require only minimal power (10-15 W) to keep the
clectronics alive. 1 daylight operation only is a significant
rc.strict ion. A second problem affecting the transit telescope is
the development of layc-area curved detector arrays. A second
problem aflecting the pointed telescope is developing mech-
anisms which will operate in the lunar environment with its
thennal extremes and abundance of dust, both electrically
charred and unchanped  In this respect it is important to note
that compensating for the slow lunar rotation places these
mechamsms inan awkward regime where it is difficult to
gencrate simooth, slow motion.  This area is a prime candidate
for tec hinical innovation.

linvironiental Investigations

Understand the diurnal thermal cycle and the effects from
the lunar dust (for ruechanisms and scattering).

Qbserving Scenarios

The trangit elescope has alm aperture, which is close to the
lower limit for scientific usefulness, a 1.4° field of view and is
opcrated at a fixed declination which limits sky coverage to a
few por cent. The tiensit telescope, by virtue of its design, has a
fuxed pointing direction which views a swath of the sky as the
Moon rotates about its axis. In order to maximize the exposure
tin¢needed for adecp survey, the telescope operates by clock-
ing1ts CCD detector st a rate which matches the motion of the
imagc of the sky across the detector (0.5 arcsec per see). In this
configuration the, track of a star across the field of view is
slightly curved; the degiee of curvature being a function of the
telescope's declination.  Consequently, the CCD must be cus-
tom designed so that the pixel rows arc not rectilinear but are
c urved to match the track of the target. This scheme limits the
telescope to asingle declination if cross row image smear, which
negates tbe advantage of synchronizing the star motion with
the detector clocking, isto be avoided.

Extensions
Capabilities can be increased by more sophisticated

pointing schemes, a larger pritnary, or extension to an inter
ferometric array.




Infrared Astronomy

Infrared astronomy from space is cunecutiy «tilhy its
infancy. Several important space infrared obset vatoric . will
soon be launched or are planned for operationin the first fe.
years of the 21st century and will make major contributinie to
the science. These curtently planned observatorics, a)l of nicdest
size, less than 85 cm diameter, with useful lifctitmes of twoos
three ycars at the most, will leave many knownmporant
questions unanswered and wiil certainly make discovanes
demanding follow up with additional space infrarcd tles sopes
The limited capability of the planned spare infrarcd obuer
vatories means that very eflective and useful obseivatorysiot
the early 21st century riced not be very latpe oscxpasive,
Long lived, one meter class or smaler infrared observaton Soan
make major contributions for moderate cost.

The vacuum of the Moon provides the. needed cnvitontomt
for sensitive infrared observations while the solidi[\ othe
lunar surface and its proximity to Earth elimiuates the nedi §or
some of the structures and systems needed for frec o1tting
observatories. Space infrared astronomy could take dval ¢ pe
of the stability of the lunar surface for opcration ofian
interferometric arrays and lagger fiiled-aperture telescopies

A simple, low-mass, one-meter class, nearinfratcd | nrm
observatory, suitable for emplacement on the Moorinthenext
phase. of lunar utilization, is described below.

Requii ements of low cost, low mass and remiote , 1oy
serviceable operation for the next genciationof 1 m
instrument ation drive. the. design of an infrared obscrvatonito
the simplest kinds of usable instrumentation. A uscf{uland
important observational program that can be carried 0wt b
this kind of “suitcase science” includes deep, very widcai e
surveys at wavel engths from 1 to 10 microns. Thus wavelen gt
range is casily accessible from the Moon with a low s,
observatory, and there are no planned space obsci vatancs vith
the capability to survey more than a few hundied square doepize.
of sky to a significant depth over this band.

Very wide area surveys can be used to attack a widoy ari-ty
of problems. All-sky surveys which address new.wavelengtl
regions or previously unachieved sengtivities or higherspaial
resolutions have always berm priceless sources of scicntif wdsta
The very low sky background of a lunar obsecrvatory andhe
high spatial resolution attainable with a 1 meter diamcieitcie-
scope with no atmospheric distortion would alow asignific m
improvement in sensitivity over planned Earth based suviys
from 1 to 2.5 microns. The large amount of obsciving tivug
available to a long-life facility would alow surveystoconc
much more sky at high sensitivity than will have becnpossitle
with precursor space IR obscrvatorics. The unbiased natute iof
all-sky surveys is a powerful aid in the. statistical interpretatin
of results, aud the inclusion of very large areas allov's detection
of rare phenomena, All-sky surveys are an archival suap shotof
the universe which becomes an essential data pointinthie
investigation of time varying, phenomena such a:piop:i
motions of stars, detection of Kuiper belt objects, motions f

interstellar clouds aud stellar dust shells, variability of stars, and
scarch for super novae, 1o name a few.

Some speci fic goals of ancar infrared, wide area survey
would be:

. Study of low-1nass stars and, possibly, brown dwarfs.
- Study of newly i or med and forming, stars.

« Search for and potential measurement of “dark matter” i n
yalaxies aud clusters of galaxies.

« Study the bitthand evolution of normal galaxies.

« Understand the role of ultraluminous and hyperluminous
galaxiesin the catly evolution of galaxies.

. Mcasure the spatial correlation of high redshift galaxies to
study large scale structure in the universe.

Many mote pr ubleins could be attacked as well. To be sure,
the cur rently planned space infrared obser vatories will address
many of these probleins and will make great strides toward their
solution nut, a decp all-sky survey will alow follow up work
formore complete verification of results and can approach some
probleins, such as the mass and spatial distribution properties of
Tow mass objects in the Galaxy and detection of very large scale
structute s in the universe, with much greater thoroughness than
the cunently planued restricted area surveys.

Allobservations fioma survey instrument such as this might
not necessanly be confined to wide area surveys.  Smaller
surveys to greaterdepth than the main survey might be
perfor med, and maximum sensitivity  observations of
individua! objects could be done as well.

Instruient and Mission

A ucastinfrared Sky sur vey observatory operating from the
Moon will necd to provide a pointing system to direct the tele-
scope to the desired locations on the sky, cooling for the
detectors and the telescope and  electronic systems for data
collection  and transiission to Earth. In addition, the
obscrvatory must genet ate its power and control its temperature.

The pointing system can take advantage of the slow rotation
rate of the Moon, 0.5 arcsecond per second, by using a transit
type mounting which only provides for large motions along
the merichan,  If anorthern and southern pair of telescopes is
used to peiform afull sky suryey the range of motion needs to
be abitover 90 dC~.Ices. ‘1he cross motion to compensate for
lunattotation can be provided by either an internal scan mirror
or atangentann to move the whole telescope over a range of
Sarciinuies of SO to acconumnodate exposure times Up to 500
seconds Current infrared detectot readout technology does not
allow shitung of the accwmulating image electronically for
motion compensation, as do optical CCD  detectors. A suitable,
space-qualified, cryogenic scan minor mechanism is current] y
being flown on the European 1S() telescope. Leveling and
a-imuth ad justments will be needed to operate once to align the
tilescope mnount with the tunar rotation axis to an accuracy of
about an asicminute, The range of fine leveling and azimuth
rotion can probably beless than 10 degrees.



An operating wavelength range of 1 to JOmicronsis. hos
because eflicient sky-background-limited apcratioroni hic
Moon can be attained with a telescope temperatutcof 70K and
detector temperatures as high as 30K. These tcmpeiatues can by
reached with currently available. cryogenic cooless of modsl
mass and power requirements Or Dy passiseladiamcnoling
during the lunar night.

The foca plane would consist of InSbarays fordcecuonn?
wavelengths between 1 and 6 microns and quantuiawellarie vs
for 6 to 10 microns. These detectors arc selecled fartiicithii i
performance at temperatures around 30K A focal pavcionna
at leastas large as1024x1 024 for InSband 5121, 5. o the
quantum wellis desirable. InSb is a well developediechniolo.y
and a mode.g increase in avalable array sizcfroms1:x51 210
1024x 1024 would allow construction of a foce! plat
Quantum well detectors arc under developient with e.isti g
test detector arrays. The currently available Cto 1 Undicson
detectors, Si:As and JgCdTe, have too largc a dak conpontin
require cooling 10 SK.

Diffraction limited performance at 2.Simmcrons s ouldic
attainable for early 1 meter class telescopes (11l th Moo
Lambda/diameter sized pixels, which provide sicisomatiy
sampling of a diffraction limited image, arc ohtaincd v ith o
fina f/ number of 16 for 40 micron pixel spacing. ‘1 sspoed:s
comfortably — accommodated Wwith a standard ¢ <sopra
telescope which locates the focal plane convenicutly f g
cooling and bathing. A1024x1024 formatatray of latahdali)
pixels on a 1 meter tclc.scope provides an 8.8 atchnnut sy
field. As discussed later under Observing Scenaricloy: |
spatial resolution overl a larger field of viewruaybe cesirable
for large-scale surveys.

Read out ofa 1024x1024 array every 100 scconds and dign
tization to 16 bits produces an uncompressed aveiag ciali Fa
of about 170 kbps.Inclusion of a 512x51? long vias cling(
array read out every 50 seconds increascs the data ratdto
250 kbps. Further inclusion of observatory houscheeping dal
and application of a modest data compressionshouldhecpth .
average data rate requirement below 250 kbpsforatvo anay
observatory. A 0.25W X-band transmitter witha0*“ et
diameter antenna will direct 2Mbps into a 10 mectesant oo o)
Earth requiring 3 hours of down link time perday and?2Gh ¢!
storage pcr day of data. Exposure times Jongeitha 100
seconds will give proportionately lower dats1ate and slorsp:
requircments,

Observations in several diflerent colorns are necded t
undertake a useful analysis of astrophysical measwciacits Uy
to 8 broad photometric bands arc useful fromltol10nicon
and several narrow bands would isolate immporiant knova
emission and absorption features. The selected bands cai b, 152
lated by beam splitters and fixed filters overwhaolc tray - fiues
filters over parts of arrays or by multiple filter< in & (ilte: v hee
Larger numbers of bands can be very useful scicutificatlybu
will rapidly drive up the complexity and data rate, andinu-th
cost, of the observatory. A modest firstobservatorycoul
certainly make very good use of as few as three O1 fourscprarat
band passes which could be implemented with 110 movin «paris
The impacts on data rate and sky coverage v, lifetincofth,

choice of hands and their implementation will be discussed
under Observing Scenarg os below.

Daytitae and nighttime operating modes are feasible for a
lunarinfrared obseivatory. Daytime operation requires careful
thenmal design plus 1efrigerators and their power supply to cool
the telescope and detectors to between 25 and 30K but dots not
require a significant battery. Nighttime operation allows much
sitnpler thermal design and passive radiant cooling but requires
15 days batiery power. The two modes have equal requirements
for communication since the Earth is essentialy stationary in
the lunar sky.

For daylime operationa shield against radiation from the
lunasurface and good thermal design will keep the telescope
outer shell at 197K inlunar daylight, A cryogenic cooler deli -
vering § watts of cooling power keeps the telescope bathes and
minors cooled to 70K for a power consumption of 200 watts
and a mass of 30 kg. A sorption cooler weighing about 7 kg
and consuming 30 watts cools the detectors to 25K.  Such
coolers alieady exist Some models have been space qualified
and others will soonfollow. A Sunshade for the telescope
aperiure is required to control the heat load on the cold parts of
the telescope.  No fixed Sunshade geometry was discovered
which could provide Jow enough heat loading. A tracking
mechanisinfor the sunshade will probably be required. The
total power consumption of the observatory should be about
350 watts tequiring a2.5 sguare meter GaAs solar array which
tracks the Sun during lunar daylight. Comparison with current
designs for components of the SIRTF telescope and with past
and carrent designs for lunar surface equipment indicates that
(his daytirue only observatory could probably be built with a
niass Jess than SO0 kg.

J'or nighttime operation aground radiation shield is still
nceded but cryogenic cooling requirements are greatly reduced,
Passive 1adiant cooling can easily cool the telescope and can
supply some of the cooling power for the detectors. A small
cooler is needed {os the focal plane. A small, fixed aperture
shade is needed to control heat loads on the cold telescope
parts The obser vatory can protect itself from excessive daytime
heating by pointing away from the Sun toward the inside of its
ground shicld. Active control of radiators may be desirable to
maintain roughly uniform temperatures in the warm parts of the
obseivatory and to configure the telescope for rapid cooling
during evening twilight. An estimated 85 watts of power would
be rcquired during 14 days of nighttime operation. Light-
weight batleries with an energy density of 250 watt hours/kg
would weigh 114 kg for this purpose.  Lithium polymer
batteries with enesyy densitics in this range are under devel-
opment. A Q.85 square ncter solar array delivering 120 watts
during daylipht is necded. Wthout the coolers and the active
sunshade, with a sialles ground shield and solar array and
discounting the mass of batteries needed for daytime only
opration, anighttime only observatory would probably weigh
40 t0 50 k g mote than the daytime only version,

Fulltime operation would require both nighttime batteries
and daytitue coolers and sunshades but would double the avail-
able observing time. The mass for a full time observatory would
probably be about 100 kg more than the daytime only version.




An RIG power supply for nighttime use is possible but
politically unfavorablc and more massive thanbaticiics A
higher power RTG for daytime or full time wscisalsoheivict
than solar power plus batterics, though it may bemaorcreliatile

Thermal design of the observatory becomes simpilos wiid
increasing absolute. lunar latitude of the observatory site. A1
higher latitudes the solar heating becomes morc confinedto
onc side and the shading of the side of the observatory tov. ard
the nearest pole deepens. Taking this benefit to the exticnm ot
locating the observatory inside a polar crater for constanishad
is probably too complex for the initial returnof scientific
observatories to the lunar surface. Constant shading of the
observatory from the Sun and Earth would requite poveean
communication subsystems located at some distance fromnthe
telescope,

Jechnology Neceds

Operation of a passively cooled nighttime unaobseve
tory requires batteries with energy densities of 20K (o 300 v at
hourskg or higher. Lithium polymer batteries with this poier
tial arc under development but would ncedtabinid
available. Quantum well ari ay detectors are nceded f oo
ation at wavelengths to 10 pm with the cooling powes avail bl
to a small observatory. Again, these. detectors arc undei de s ¢l
opment. Mechanisms to point the telescope while opciating fo
many years in the lunar environment of dust and theriiz)
extremes arc. needed as well as methods for mainta 1111 np1 h:
cleanliness of optics, therma control surfaces anti, potentiilly
the solar array.

Environmental Investigations

Understand the effects of lunar dust and divinal thetina!
cycling.

Observing Scenarios

Awide area survey with a transit telescope requiresssimpl
and constant observing scenario. The telescope’s linc of sij bt
would be stepped along the meridian with the nnage aithe
detector stabilized against the lunar rotation ratc duringthi
integration portion of eachstep. The step size wouldtx
between 1/5 and 1/2 of the field of view as dictatedbyiric
gration time restrictions and the desire to subsample by
overlapping integrations. The ground based TwoMicion All
Sky Survey (2MASS), currently under developnwent, | as
demonstrated the utility of this survey method. Sunzvoidarce
congtraints (>90 degrees from the Strn in the case of anig bt
only observatory) would prevent viewing of the wholesky o-c
each lunar day. As the Earth moved around the Sututhesky
outside the Sun avoidance constraint would eventuallyinclvicc
all of the celestia sphere, and the full survey wouldbe pie, ed
together from a pattern of meridian scans over the cowrse ol
several yeats. Observations at night will have inherently big b
sensitivity than daytime ones since lines of sight away from b
Sun have lower background brightness becauscthey 1 oo}
through cooler, lowel-density dust within the SolarSysten

As discussed above, thermal control requitcmentsyi l
probably make it desirable to place the observatoryatamoc:
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ately high lunar latitude, perhaps 45 degrees from the lunar
equator, Higher absolute latitude also increases the average
area of sky instantancously visible outside the solar avoidance
constraint in this casct wo observatories, onc at 45 degrees
notttiand one at 45 degrecs south, would be required for a
complote SKy survey. A location near the lunar limb, as viewed
from Faith, is also desirable, keeping the Earthas far from the
local mcridian  as possible while still allowing direct
comimunication, 10 reduce scattered light in the telescope.
Alternately, if anightiime only observatory can be designed
with satisfactory daytiine thermal safety margin with the Sun at
zenith, it should be possible to get very closc to a full sky
survey with asingle telescope at O degrees latitude near + or -
90 degice longitude in twice the time nccded for two
telescopes

The: ambition of the sutvey undertaken by an initia lunar
observatory will be dictated by the chosen spatial resolution,
number of photonetric bands covered, the available data rate
rind the hfetime. An8.8arcminute square field of view covers
6.55¢ to 6 steradians, 1equiring about 2,000,000 fields to cover
the full sky. A totalintegrationtime of 100 seconds pcr point
on the sly with 90 percent efficiency would require about
2.1 F4 & seconds (6.8 yeats) to cover the full sky and would
produce a sensitivityat 2.2 and 3.5 microns of about 4 micro
Janskys (uly), 10 sigma, about 150 times the expected
sensitivity at 2.? mictons of the planned 2MASS ground based
survey, A practical survey strategy would divide the total
integrationtime into ? to 5 separate pointings,as discussed
above, and would niake measuretnents in 2 or more bands.
Assuming double coverage of the sky, two 50 second points per
sky position, the two anay focal plane discussed above would
requite 6 § years at an averape data rate of about 500 kilobits
per second to complete a 2 band all-sky survey. If operation of
the telescope were restiicted to only half the time (night or day)
the clock time for this survey would be 13.6 years.
Contermporaneous opet ations of northern and southern
telescopes would halve this time.

A senible apportionment of resources would be to increase
the ficld of view to 12.4 arcminutes square (1.4 lambda/D
pixels), assumne that either 500 kbps will be available or that on-
board processing canbeused to halve the data rate and plan a
2-bandsui VCy over 6.8 years of haf-time operation for a single
observator Y. ‘This wouldreduce the sensitivity to 6 uly at
2.2 v still 100 times the 2MASS sensitivity. Reduction of
coverage to half the sky allows a4 -band survey in the same time
and would remain very useful scientifically. Usc of northern
and southein telescopes would cutthe time in half or allow for a
4-band sur vey of the fullsky in 6.8 years, Other allocations
could be made to tailorthe great total scientific capability of
this obser vatory to important astronomical question so its titne.

The sutvey scan pattetn could be interrupted for short peri-
ods to obser ve taryets out of normal order as the target crossed
the mcndian.  This ability will allow some number of
observations oOf tangets of opportunity or higher sensitivity
observations, It will beimportant to retain the capability to
inteptate Up to S00 seconds for high sensitivity observations.
‘i’ his reaches sensitivitics near the confusion limit at 3.5
ICTONS.,




Extensions

Many logica and useful extensions of a simpleinitialluar
infrared observatory program are possible. Y. diameter
telescopes would immediately make higher spatial tes Jution
investigations possible. More power and mass capusbil ity for
coolers or human or telerobotic servicing of ¢ yogenswaould
make long-term Operation of longer wavelength deiectons
possible. More sophisticated 2-axis pointing capabilitywould
allow observations off of the meridian which iiupuos ¢ the
flexibility to carry oul diverse observation programms — Ihe
addition of spectrometers, even to a second gctictatiin - of
simple telescopes, would greatly increase the capability ofthe
lunar observatory. 7Telescopes could be placed mn polarcristen
with remoted power and communication for cominuous pi-sive
cooling.

Development and operation of an interferomiric zuay
especially for longer wavelengths to 60 or 100 um, wouldbee
natural step in the development of instrumentation toscichfos
extraterrestrial planets. It is expected thatl opcration of large
interferometer arrays at infrared wavelengths ontheline
surface will be vastly less complicated and teck aially
challenging than the operation of such anaysinothi = “The
extension of infrared astronomical capability onth: Moontc
interferometer arrays may be a distinct breakpointy heie s
human or teletobotic presence on the Moon becotnes disitable
and appropriate. Installation of arrays of telcscopesan| thes
associated optical delay lines is an exacting task andmiay bes
be accomplished by human or robotic meanszatheithig, by
autonomous  deployment.

Optical Interferometry
Scientific Objectives

The Moon is an especially attractive locationforoptica!
interferometry, because the lunar surface providese «labl
observing platform where the images arc free of shnosphen
distortions. By “optical” wc mean the broad spectial windoy
from the ultraviolet to the infrared where imaging atay~ar
available as the detectors.

There arc many applications in astrophysics and planciar
science where major breakthroughs wouldesul o
interferometric imaging with very high resolution, savin th:
range 1 to 0.1 milliarcsecond. Two outstanding crample
would be tbc formation of planetary systems, whereinuposc
the thermal emission from protoplanetary dicks around youn;g
stellar objects could illustrate, for the first ting, the process ¢f
planet formation; and quasars and active galacticnncle:, wher
images could show the structure of the central cngives the
power these beasts.

Interferometric imaging would require the enmplecancnt ¢f
dozens of telescopes. An intermediate Step towar ds ar, rispin,
interferometer would be an astrometric int¢ i feroincie, whes.
three telescopes would suffice. With an astrometyicprecsionin
the 1 to 0.1 microarcsccond, a variety of fundamentalguestron

in zstiophysics and planetary science could bc addressed, For
example, an optica interferometer could search hundreds of
nearby stars for evidence of low-mass companions. This could
address issues such as the role of binaries in star formation (more
that half the staisendup in binaries), and the puzzle of why the
frecuency of companions appears to drop oft precipitously just
atthe substellardividing line (there are no confirmed brown-
dwarf companions to stars). pushing to lowermass companions,
the szme insttument could bc used to search for planetary
systenis orbiting nearby stars (no other planetary system has
been detected around a star like the Sun).

A logical first step towar ds establishing more powerful
interlcrometers onthe Moon would be the lunar emplacement
of two small 1obotic telescopes and the demonstration that
fringes could be achieved.

Instrument and Mission

A two-node, optical interferometer with telescopes about
10 cmnin aperiurg, and a total instrument mass of about 75 kg
could be placed on the Junar  surface using a Med-Lite launch
vehicle, Fach telescope would bc mounted on a mobile plat-
forin, possibly based on the Mars Pathfinder rover. The lander
would provide powei, computing and telecommunications
services and would carr y a beam combiner box, including the
delay lines, combiner optics and metrology system for the
interferometer. The telescope rovers would be tethered to the
lander which would provide power and command and data
haud) '€ to the telescope systems via a tether that also houses
the fiber optic cables can ying the star light from the telescopes
to rhr beam combinci.

An dtractive Janding site is at the lunar south pole, where
solar i Illumination may be year-round or nearly year-round.
The Son, viewed froimn the landing site, would travel around the
hotizon once permonth, while the Earth would bob up and
dowi, above and below the same location on the horizon,
staying within communication line-of-sight for more than two
weeks a a time. This property of the landing site may make it a
good site to perfoninradio science experiments as well. Another
desitable aspect of a polar Site is that the rotation of the Moon
would swing the inteiferometer baseline around in the uv-
plenc, allowing for synthetic aperture imaging without
1CauiTing rover movement,

Ihe telescopes would be miounted to alow for coarse and
vemict elevation and azimuth control, providing hemispher-
icel coverage, arid alowing for very long observations.

The scientific return from such a mass limited system would
be very limited, the primaty mission objective is to form
fringes as part of afew simple observations, as mentioned above.

Ixtensions

1o addeess the astiometr ic scientific objectives, three some-
whatlanzer telescopes, e.g., of the 1 -meter class, over baselines
of 1 or 2 km, would be employed. The evolution to an imaging
intet ferometer would involve the emplacement of one or two
dozanmore telescope units over a somewhat expanded area




Lunar Kilometric ! Imaging

Scientific objectives
Magnctospheric Imaging

An imaging array on the lunar surface wouldallowicrioww
sensing of kilometric radiation from magnetosphericstiuciurs
and would image the location of the radiation cmanating 1101
the magnetosphere. An image made of this radiation frannttic
lunar surface from a 100-km instrument allows # fey, -d¢; rec
resolution of astructure which can extend over the whole sy a-
seen from the Moon. To study auroral kilometric racherion
(AKR), the most powerful (but highly variable) of }.atth:
naturally occurring kilometric radiation, it wouldbencces.any
to view as many diflerent frequencies from 20 16200413«
possible (--20) over short time intervals (-- 1see) throughoutii ¢
hours-long period of the substorm activity. Obscrvationsi ec
not be continuou s, but should sample the AKR atiegutartome. .
throughout a substorm.

The AKR is produced in one location close to the Furih and
varies nearly the same in strength over a widctange  of
frequencies. °If possible, imaging at different frequencies ova
times short compared to light travel times wouwld have th o
advantage that light-time propagation eflects alone  the
magnetotail could be used in addition to other parar cle
changes to study the intervening structures.

Other types of kilometric magnetospheric rathationw hich
could bc imaged from the lunar surface include radiationsrom
the 2fp line, which occurs naturaly near the bowshocholth i
Earth, and NTC (non-thermal continuum) radiation whiiis
present a a much lower level in the magnetoshcathicpio of
the magnctosphere.

Solar Radio Burst Imaging

The di flerent t ypcs of solar radio bursts observedint he
kilometric range and formed at the local heliosphesicp). s
frequency (or its harmonics) would benefit from imaging 11
strongest radiations at Earth are from type 11 1radutiarsts
caused by high-energy electrons which move through spaccand
occasionally engulf the Earth. These take anywherce fror20
minutes to several hours to travel from Sun to Eaith,

Of perhaps more interest for solar-terrestrialsindicsarcty jic
11 radio bursts, which can take severa days to travelthe disianie
from Sun to Earthand arc associated with shoch v as o
propagating in the interplanetary medium, Thislatteiradition
has the potentia of being used to forecast the Farth-arsival of
the fastest mass ejections (which accompany then) andiic
known to cause lanze substorms on Earth.

Instrument and Mission

In essential details, the description of the Astrophssioul
Low-Frequency Array is applicable.

Observing Scenarig

Observations need not be continuous but should sutnpliqhe
AKR at regular times throughout the. substorin.

THE 1ICONQMICS QF_REUSABILITY

T'he economic ver diet cm whether reusability of reniote-
sensing assets is of significance for lunar planning awaits
designs with enough detail to be costed, and (hat level of
information is not presented in this exploratory paper.

Pure Strategy

Nevertheless, it is usefulto consider what principles might
come into play thatcouldlead one to expect savings. A
schematic of the concept is shown in Figures 1 and 2.

‘1 heanalysis behind these figures is exceedingly simplistic
inits assumptions, but it exposes key dependencies and gives a
rovgh eflort of whatmustbe achieved in order to make
reusabili [ y eficctive for a series of lunar missions.

Figures ] and ? give qualitative pictures of what Onc might
call the “pure strategy” for lunar-observatory reusability
(“mixed” and “focused” strategies will be introduced later).

The assumptions inherent in these pictures are:

(1) N is treated a< a continuous quantity rather than
assuming discrete (integer) vaues as it dots in redlity.

(2) The cost, K of fr ee-flyer missions is the same for each
mission in the series. This need not be the case, since
free flyers could also utilize a reusability strategy
(robotically implemented or through the aid of
astronauts). 1 lowever, there are certain scenarios where
the Moon docs appear to have an advantage over free
flyers. Forexample, multiple spacecraft formations (as
in interferometric arrays) tend to disperse over time due
to dificrential solar radiation pressure on the
individual vehicles, Another example is given by that
uniquely two dimensional creature, the lunar (or
planetai y) rover, whose three-dimensional analog is, in
many ways, morc complex. Also, the repetitive lunar-
station to Farth - station link geometry makes the reuse
of communications equipment attractive.  Finally,
iepetitive Sunand lunar-station geometry facilitates
planning forthe use of (predecessor flight-system)
shadc patterns for (successor) thermal control.
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The cost, K4}, 0f a series of independent lunar
observatories, with the. same scientific scope as their
free-flyer couuterparts, isthe same for each mission in
the series and, also, is 11 dollars per mission more than a
free-ffycr, the lunar handicap (gravity well, etc.).

(4) In the steady state, reusability could drive the cost per
mission to aslowas R > () dollars below free flyers.

(5) ‘1'here is apcnalty of P dollars per mission in order to
equip the. system for reusability.

(6) The cost per 1evsable mission decreases by a constant
fraction, k, of the spanbetween top cost (F+H+P) and
bottom cost (1 -R) for a reusable observatory.

(7yMonetary inflation is O over the time span considered
(orcountered by technology increase).




Average Cost
per Mission

F+H+P

Penalty for reusa-
bility adaptation
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handicap
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series of independent
lunar observatories

series of independent
flee' fryers

(Number of missions)
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Figure 1. If assets from previous lunar observatories cant v (parii-ly) reused by subsequent ohservatories, the cost per investigation will
decrease. The curves are idealized in many ways including, focowesience, representation 01 the reusable case by a smooth curve rather than a
chain of slep functions. The horizontal asymptote accounts fothi fet!s that there are always cosls zssociated with a mission and that emplaced

assets everlual y bregl Gawn of become obsolele.

Total cost of series
after N missions

scries of independent lunar observatories

serics of independent free-flyers

_asymptote

U —serics of dependent lunar observatories

N

Figure 2. Integration of the curves of Figure 1, The pointN, s th “biea- even' number; if N or more parlially reusable missions are flown, the
total cost for the series will be less thatifor & sinla:ser s of independent free flyers. See equation (8) for N.
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With C denoting the cost pcr mission and svbscripts 311
denoting reusable Junar mission, free flyers, andindependont
lunar missions, respectively, then,

C; g () = (H4P+4R) exp (-K(N-1)) + (F-R) (1)

CrMN)=F ()
'

C  MN)=F+Hh (9

describe Figure 1. Integration of (1) through (3) provides the
analytical description of Figure 2 (with C, no piime, denaoting
the cumulative cost for the series).

Cg (N) = [(H+P+R)/K) (1-cxp (-K(N-D) + (-R)(N-1)+

F4H+P (4]
Cg (N)= FN )
¢y (N) = (4 IDN ()

The break-even point for lunar investment ocsurs v hen
A figure of merit (an approximate version of cquation (1)) is

obtained by solving for the intersection Nof C;(Njanc the
straight-line asymptote to Cy (N):

()

N=(H+P+RY1+1/k)/R. i3

The smaller that N is, the. better. Some. tabula: results g ve i
feel for the quantities involved. The cost unit istakent e
F=1,

Parametric ) l
Case H P R k - N, ) N |
1 0.5 0% 05 0.1 18
2 0.10 0.10 0.5 0.1 10 5
3 0.10 0.10_ iS 0.2 b ¢

Table 1. Examples of break-even points Ny in terms of niadet pa e ‘ot
For, N, the figure of merit, see equation (8)

It secms reasonable, fiom programmatic and engimecing
institutions, to require Ny < 5. Thus, for one. launchpeivem,
the break-even point, N, , would be reached in five yews  Of
course, there arc many tradeoffs to be conducted botthis
constraint on N and inspection of Table 1 shows that ¢ases 2 anid
3 exemplify viable parametric values. Of coursc, NO € vid: nc¢
has been presented to show that such paramcticvelucsas
attainable.

Mixed Strategy

Although the kinds of numbers (Table 1) thatsccin e b
needed inorderto pursue a pure strategy and ach ey

cconommies of reusability in a reasonable amount of time are not
“scary,” it canunot be said, without much more design and
analysis, whether the endeavor would succeed or not.  Hence,
onc looks for ways to ameliorate the difficulties.

Onc obvious strategy isto look for parameters so that the
(NASA)cost is partially oftset Commercial prospects with
repard to the Moon have beentaised in the. past five years or o,
and it is not unrcasonable to contemplate using some
commescially emplaced assets to lower the cost of missions. In
this case, the lunar environmental handicap, H, would be
decreased and might even go negative.

Nonumerical studics arc needed to illustrate the point that
the mixture of commeicial asset sharing and reusability could
be cvenmore economically attyactive than a pure strategy.

Focused Strategy

If once focuses (M certain kinds of scientific missions which
Iend themselves in a natutal way to being augmented, then the
penalty. P, for reusability adaptation could be expected to be
guite small, For example, adding on to an optical or radio
interferometeic antay would seem to be an easier thing to do
than tostringing together adiverse series of investigations.

SURVIVAI ONTHE MOON

In o1 der for a reusable strategy to be viable, assets from
eatheremplacements must survive the traumas inflicted by the
lunar environment.

A< @ prelude to examining the imprint of the lunar
envitonincnt ON enginecring. systems, some aspects of that
envirenment Will be smnmarized  For an in-depth view, the
book of Heiken, Vanitan, and French is recommended.®

Lund! Environment

The lunar environment chatl enges, with respect to situation
of 1cmote-sensing facilities include.: temperature; radiation;
dust; micrometeorites; stability.

Jenperature

‘leinperatures have been measuted from Earth and in situ by
surface missions, The range of temperatures on the lunar
equator is from aboot 90K (night) to 385K (day). The thermal
cycling of approximately 300K can be significantly reduced
by maoving from the equator to higher latitudes. In polar aress,
the average temperature drops 30K or so, and the range
contiacls markedly: to perhaps a 20K variation.  Sheltered
polar craters can be very cold (c.40K) with almost no
fluctuation. (Of course, power problems need to be solved in
the absence of Sunlight.)




Radiation

The Moon is outside of the shielding eflect of the Farth®
magnetic field and, thus, is exposed to muchotth
radiation environment as a deep space probe.  Sol | wine
particles, high-energy galactic cosmic rays, and rarc hunintense
solar flares are the primary types of radiation to be epcoutcted.

Lot

The degradation of electronic componentsis thaprinaipz)
consequence of radiation for robotic missions i the Mot

Dust

Dust has been created on the Moon through the cortinual
bombardment of the stn face by micrometeoritcs. Jteencorta
minate optical and heal-sensitive surfaces andadvess<lyaficet
the movement of mechanisms.

Considerable data has been taken, including Apollcdug
experiments, (Also, the landing of Apollo 12 withinl6Oy, of
The Surveyor 3 spacecraft resulted in the deposit of” @, m t he
optical mir or of the robotic vehicle.)

Micrometeorites

Micrometeorites pose a concern for pitting of 2 po sed
optical surfaces since they arrive at velocities of ahoitl 5
kavsec. Over a year's time, several hundred oy ateasinth 1t o
10 micron range would be created on exposed o icatsutizces
(For reference, one thousand 10 micron craters v ouldoccipy 1
part in 10" for a square meter.)

Stability

Although the. Moon is much less seismicaly activethuithe
Earth’, by many orders of magnitude, lunar t sedrocki-aiot
readily available for observatory sites and shattctedsegpolthis
the lunar materialto be expected.

Apollo measurements show that seismic mobonisresitin
shifts of only a few tens of nanometers. Tidal defici tio: 18 of
about lmm can result over a 5 km baseline duc toutin
libations.’

Response of Engineeripg Systemsto the Luna Environimeat

Anecdota coverage of this area is presented hese bedsn.cthe
complex lunar environment played against the ¢ notinou s
spectrum of possible systems precludes auythingf s
comprehensive nature in the space available. Theintcnti jist
to convey a feeling for the. magnitude, of the. probicin.

Surveyor 3

The Surveyor 3 spacecraft was soft landed onithe Moot <
April 20, 1967 in a small crater in the Ocean of Storms Allof
the subsystems operated successfully throughout the lunar di .
The television camera took more than 6000 photagtaphs ol (It
lunar terrain. The spacecraft failed to respond 10 atte mipiai o
revive it during the second lunar day. (Survival of Suiveyc:s
through lunas night was not a design requirement )

InNovember1969, two-awl-one-half years later, the Apollo
12 lunar module touched down near the Surveyor 3 site, and
the astronauts retrieved the television camera and some other
par s afterthe robotic craft had soaked in the Junar environment
for some 32 day/night cycles.

The television camera was delivered to the Hughes Aircraft
Company (builders of the device) facility in Culver City,
California, andthere, underthe technical direction of JPL
vnderwent atestand evaluation program.®

Before looking at some aspects of this report, it is worth
noting that itonly tells a small part of the reliability story: the
time period is only half of the five years discussed in reusability
scenanos; the technology involved is now quite old (e.g., a
vidicon and electiondic circuits that were not as densely packed-
-and, thus, radiation susceptible--as today’s); flight systems
consist of more than cameras,

Nevertheless, the experience has two virtues: (1) it is lunar
based and not analytical or simulated, and (2) the device is a
relatively complex picce of engineering.

Tests included:

« Optical surfaces
<Thermal control surfaces
« Mechanical devices

o Fiectrical  components  (resistors,
transistors, potentiometers)

capacitors, diodes,

. Magnctic components
. Mdicon tube andits elements
.organic matenals

. Adhesives, lubricants, and seals,

As aresult of the testing program the conclusion was (page
1-9): .. actualy, the eflect of the lunar environment on the
specificanomalies uncovered in the course of the program was
relatively minos “

To pive asense of the anomaly analysis. Table 1-3 of
reference 8 isteproduced, in part, as Table 2.

Notes.on More Modern Systemns

Clemly, asindicated previoudy, there are many engineering
systemsto be considered and many environmental  effects to be
analyzed. Continuing the approach of this paper, only notes
will be provided to indicate the nature of problems and
possible solutions.  FThree areas have been selected for this
treatment: electronic paris, packaging, and mechanisms.

Yiec tronic parts

The principal issues afiecting electronic parts reliability
arise from radiat ion and temperature.  The Cassini mission to
Saturn is designed to tolerate a total ionizing dose of 100 krad,
and this figute may be sepresentative of some lunar-observatory
SCET1A1108




ANOMALY

Surveyor 3 Mission Anomalies ' B
Inoperative filter wheel potentiometer
Occasional difficulties with stepping in azimuth
Veiling glare

Eilects on Optical and Exterior Surfaces
“Mud-cracking” of external painted surfaces
QOust on filter glass
Discoloration and curling of tefton skirt
Discoloration of external painted and other surfet: s

Open Shutter and Related Failures

{Burnt out transistor, shorted solenoid, evaporated viti( o',
photoconductor, and torn grid)

Defective Electronic Components

Cracked glass case

Defective diodes

Shorted tantalum capacitor

Two burned-out obsolete components
Suspected Cold Weld of Connector Shell to Shroud
Four Miscellaneous Minor Anomalies

Efleclof 1 unarTEnvironment
Primary Case Secondary or Contributory Case

No No

No No

Yes

No Yes
Yes
Yes

Yes

No Minor, if any
Yes

No Some
Yes
Yes

Na Yes

_________ Yes No

Table 2. Sutveyor 3 7lelevisio Camers Anomaly Classification

The temperature extremes present both anoperar 01 14l
reliability and radiation problem. Military paisarc spe.ificd
over the range of -55°Cto +125°C. Care shouldbctakint 0
allow appropriate heat sinking at high temperaturesuelthiat

the junction temperatures do not exceed +150°C.  F.ilwe
mech-anisns associated with high-temperature  opcrabon
include threshold voltage decrease and incicased le kage

current in CMOS devices due to ionic contamin-tion,
Electromigration (of conductors) is also exaceibatedby high
temperatures. The good news is that TiD (totalioniz i np (Iret)
response typically improves with temperature duc to It, ?
annealing of the trapped charges that arc inducedbyionzinig
radiation. On the other hand, the trapped holcauncalimgniay
cause “rebound” (i.e., the interface statesnay be. oo
predominant) and result in a degraded threshold voltagcalid
leakage current.  This effect is highly process-dependent,
Single-event latchup eflccts become worse at igh.
temperatures. Single-event burnout improves withincieasing
temperature. Single-event gate rupture hasno sto ng
temperature dependence.  Single-evenl  upseis occur more
frequently at high temperature for dynamic RAM, stiocinre, but
have no strong temperature dependence forlaichtype
structures (e.g., static RAMcells, flip flops).

Low-temperature operation typicaly improses CMONcir
cuit opciation in terms of speed and power, but hot carnict
effects that can reduce threshold voltage beconne apparcatat
low temperatures. Bipolar transistor gains aso degrade appic-
ciably af low temiperatures and arc even furthercxacerindl by
TID and, hence, should be characterized prior 10 apyrbicitien.

Carries frecze out, whichoccurs at low temperatures and is
technology and process dependent, essentially prevents carrier
recombination and, hence conduction.

Inconclusion, operation at the high-temperature extremes,
with the exception of the degiadation effects of single-event
latchups and single-cvent upsets for dynamic RAMs, is less of a
reliability risk than operation at the low-temperature extremes.
Chataclerization, low-temperatute burn-in and radiation, are
recommmended for flight technologies. Temperature cycling in
the course of the lunarday may improve the radiation risk but
may aficct mechanical and material integrity.

Packaging

“f he dominant failure mechanism of typical packaging
designs islow cycle fatigue of interconnects. This mechanism
results from a global mismatch of the coefficient of thermal
expansion (CI'H) between: (1) the part and the board it is
mounted on, (2) the board and the board housing. l.ocal CTE
mismatches (between solder material and metal pad on the
board) also contribute 1o the problem.

‘1 he material properties which govern the life of solder
inlerconnects are very nonlincar As a result, cyclic exposures
which invalve higher pesk thermal exposures are significantly
mote damaging than cycle exposures of the same total depth
but whichinvolve alowerhot peak temperature. Moreover,
belov: 273K, the soldermaterial becomes significantly stronger
and thcieby most likely changes the failure mode for the inter
cotmectfroncafatigue failure of the solder material to a brittle




failure of either the solder materia or the par(-lead miz e 14l
Furthermore, the actual part temperatures may toesignifi an thy
higher than the external ambient temperature ductoowce
dissipation and the internal thermal resistance. If fanec i ntcrin al
temperature rises do exist, it may be necessary toswitc 11 te hi gh
temperature solders both at the joint and possibly insic the
component (configuration dependent). If temperaturcnissca
bc held to a minimum or if other thermal control wchnigu s are
utilized to loww the eficctive part temperature, thentraditional
lead/tin solder should bc acceptable.

Mechanisms

Future lunar space missions will require highpeifoianie,
reliable, lorrg-life mechanical systems with moving paris: trere
is a concern in the space community that the cuticntte:h-
nology level in basic areas such as bearing, gears, seabunid
lubricants may not meet mission goas. A sumimaty of luture
needs and concerns of space mechanisms arc:

. There is not enough data available formeche nising
operating in space for long duration bccause verfew
systems have operated that long and none basboen
returned. The Earth orbiting Long Durastionbxposme
Facility (1 XEF)experiments were exposed toa n, ore
benign environment than the lunar surfa c, and st of
the elements were in non-operating conditions.

. There is a concern about thermal cycling forJunius Lindeis
which may experience large temperatuie  dificrcnoes
(extremes); there is limited experience of teinpeii | ure
extremes in vacuum for long duration.

. There is a concern about contamination]) aud sur vivihihity
of mechanisms in the severe lunar enviromments witt gust
and abrasive material.

. There is a concern that existing and untes ted lubimcants
may not meet the increasingly restrictive instrarment
requirements in temperature tolerances, radiation re sis-
tance, and micromeleorite damage, along with long Jif.

.Some lubricant problems have not been solved ye: such
as. outgassing; drawbacks of dry lubricants;liguids: aling
materials, particularly rubber and plastic,

. There is anced to de velop consistent coniparisorn of test
results and to establish reliable criteria for a:( ¢lirsted
testing of friction and wear. Solid lubticants mightbe
more suitable for accelerated testing thanliguids

. There is a concern about dither motion oversmall gi g cs
of rotation, diding, mechanism surfaces aud wein, a:« the
selection of best material. Also the vibration and shoch. 0!
landing (in addition to temperature andlowgsavity)
cause mechanism failure by afiecting lubucan
distributions, tolerances and surface conta:ts.

.There is a concern that although test mcthodsiny b
adequate to qualify flight hardware, sonictest lailities
arc not adequate for simulating the long tenmn spuce
environment (vacuum, temperature, low g), and dynaii i (
testing facilities for lubricant characterization. Theeise
necd for space qualification technigues  for
operations and a need for chambers simulati oy
meteorite bombardments.
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« Mechanisin techuologies  identified  for  further
development  arc:scals and sealant (O-ring, gaskets);
bearings (ubsication, contamination); lubrication of
reaction-wheel beatings operating for long life; very low
speed (lower thanelasto hydrodynamic lubrication)
rolling element bearings; motors and gear trains, magnetic
o1 other non contacting bearing for scalable long life
cquipment; abrasion, radiation darkening, contamination
resistant optical surfaces and solar cells; composite
materials for mechanisms; light-weight, high-strength
alloys such as Al-l.i alloys; robotics and telerobotic
servicing and urmmanned exploration; direct drive systems
minimizing the vse of gears; reliable power-generation
systems and improved  battery technology; cryogenic
lubricants; lubricants for high hertzian stress sliding
contract; self verifying deployment  mechanisms and
intelligent  mechanisms, precision point and control
mechanisms, vibration isolation; robotics joints and
guppers; connectors and disconnectors, and servomotors;
adequate low speed (lower than elasto hydrodynamic
lubrication]) rolling element bearing for vacuum

CONNECTIVITY

‘ Connectivity” is used here in a very general sense t o
denote any links between a predecessor and a successor flight
syste i both on the MoON, that result in the successor mission
being able to utilize. to its advantage, capabilities of the prede-
cessorsystem Another word that could be used to describe the
ideais “inheritance,” but “connectivity” conveys some of the
natuie of the challenge in linking, predecessor to successor.

(lonmecti vity has proved of great importance in NASA’'s
astiophysics PIOZfan through upgrades to the Hubble Space
Telescope: past and planned for the future. However, the nature
of the challenges is quite different for servicing missions by
astionauts inlow Earth orbit than for creating robot-to-robot
connections on the Moon.

The previous economic analysis was done with the intent of
showing that partially reusable systems might indeed prove
attractive enoughto at least stimulate some though as to what
design solutions are iost promising. The present section repre-
sents a step in Ihe direction of identifying, a fcw such solutions.

Jnstrument Change-out

The canonical example of reusability for Earth-based
observatornies is toretain the structure and optical system of a
tclescope and 1eplace the focal-plane complement with new
sensors and devices as they become available. For example, the
Smtelescope at Palomar is a very different scientific instrument
from the onc that saw first light in late 1947.°

The challenges associated with this upgrading (or extending
to difl ecrence sensing regimes) scheme are obvious. Firgt, there is
the sheer technical difiiculty in devising flight systems designs
that enable a reliable robotic change-out to be done. Second,
even if one has such a design, the cost (Pin equation (1)) is
like!y to be high.  Anameliorating factor is the fact that
desigoers have not really explored, in a determined way, flight
system architectures with these requirements.



Instrument Augmentation

The augmentation that comes mostreadily to ninilae
adding nodes to an existing interferometricanay.  «phical
infrared, or radio. The advantages are clear. morc UV-plang
coverage and  additiond photon-collccting  capability
Connectivity chalenges arc not trivial but designsolutin-dc
not seem inoperable.

A variant of this scheme is to add small intericrometng
“outrigger” telescopes to a larger, central telescop thit has
already been operating (the predecessor sysicud) St L an
approach has been studied for the two Keck teles copzaon
Mauna Kea.

Inherited Rover

Rovers are useful adjuncts to scientific investigation. and,
depending on their design, can be used for avaricty of
engineering or scientific services. . Since they arequitelibelyto
be able to communicate easily with the predecessorinothes
lander, this communication could readily bcextendedtos
successor lander.

Passive Thermal Con trol

More simply put, predecessor structures will produeeshide
that can be utilized in an appropriate manner.

Inherited Dala Systcius

A transmitter-reccivcl on a predecessor system couliibe
tapped and utilized for direct communication with Fatih,

Sirni lady, compute power and memory couldbe aug n, :nted
using predecessor systems.

Inherited Power Systems

The transfer of power is more problematic thantheexct ii 1 ge
of bits, hut the temptation to reuse solar pancls is a sirong
mot i vation.

SUMMARY AND_CONCLUSIONS

There arc reasons to believe that situating ceitaintyp. s of
robotic observatories on the Moon can bescientificellyand
economically competitive with situating theminatree flyes
environment.

. Reusability of scientific and enginecring  systeas
decreases total costs for a series of missione aid i\

facilitated by geometric constraints

. Invariant relative geometry, including no disp i a0,
between predecessor and successor assets

. Tu' o-dimensional mobility space for rovess

. Repetitive  relative  configurations ~ between Junas
stations and Earth stations and betweenlmar stations
and Sun (implications for, respectivel y, sousenf
communications links and use of shade frorapredecissn
flight systems)

. Survival of flight systems on the Moon, over a period of
years, appearstobe possible without heroic precautions

* As evinced by previous lunar experience such as
Surveyor 3

. A« indicated by other deep-space experience and
analysis

However, the case iSby no means established and more work
would need to be donc to as.sex<, with confidence, the value of
the Moon as a venue for scientific remote  sensing.

Arcas which net-d to be examined are:
. Scientific progtam
.High value science
¢ Implemientable with low-mass systems

* Constitutedby a series of richly reusable observatories
(may rely on “focused” strategy)

« Connectivity

. Search for ncw, innovative ideas which utilize the fact
that the Moon is not space

. Interact with the scientific program for the series
« Survivability
. Employ the best lunar environment models
. Identify themost life-limiting hardware issues in the
lunar environment
. Cost anadysis
s Against a least one point design for a series of missions.
identify sengitivities
. (Corapare: to the best that can be done with free flyers
o Jechnology

. Identify thosc inventions or upgrades which would
lower costs or incirease scientific returns for a series of
lunar observatorics

.} istimate the cost and schedule for development of such
items

* Programmatics

. Develop implications and prospects for a “mixed”

strategy: government plus commercial use of the
Moon

. Consider how alunar series of missions might relate to a
NASA/Ex ploret Jine of missions

It is apparcnt that this examination must be done in the
coniext of a systemn design for a series of missions.  Careful
trades between scientific choices, reusability designs, and
rehablity steps are necessary for making the concept work.
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